Further developments require a comprehensive characterization of ionic modulators of electrophysiology in human atria. Our aim is to systematically investigate the relative importance of ionic properties in modulating excitability, refractoriness, and rotor dynamics in human atria before and after AF-related electrical remodeling (AFER). Computer simulations of single cell and tissue atrial electrophysiology were conducted using two human atrial action potential (AP) models. Changes in AP, refractory period (RP), conduction velocity (CV), and rotor dynamics caused by alterations in key properties of all atrial ionic currents were characterized before and after AFER. Results show that the investigated human atrial electrophysiological properties are primarily modulated by maximal value of Na ϩ /K ϩ pump current (GNaK) as well as conductances of inward rectifier potassium current (GK1) and fast inward sodium current (GNa). GNaK plays a fundamental role through both electrogenic and homeostatic modulation of AP duration (APD), APD restitution, RP, and reentrant dominant frequency (DF). GK1 controls DF through modulation of AP, APD restitution, RP, and CV. GNa is key in determining DF through alteration of CV and RP, particularly in AFER. Changes in ionic currents have qualitatively similar effects in control and AFER, but effects are smaller in AFER. The systematic analysis conducted in this study unravels the important role of the Na ϩ /K ϩ pump current in determining human atrial electrophysiology. atrium; action potential; reentry; antiarrhythmic agents; in silico high-throughput screening ATRIAL FIBRILLATION (AF) is the most commonly diagnosed cardiac arrhythmia, with a 0.4 -1% incidence in the overall population and over 8% incidence in patients over 80 years old (63) . AF patients have severe prognosis of high incidence of stroke and mortality (63) . AF is considered to be a reentrant arrhythmia sustained by mechanisms including both rapid ectopic activity, usually generated in pulmonary veins, reentrant circuits, and structural and/or focal changes (31, 36) . Establishment and stability of reentrant circuits are favored by short refractory periods and slow conduction, enhanced by electrical remodeling [AF-related electrical remodeling (AFER)] caused by persistent AF (68) .
Pharmacological management is still the main option for AF treatment (35) , and it is applied by targeting modulation of excitability and refractoriness for rate or rhythm control (61) . Anti-arrhythmic Class I and Class III drugs are used to decrease excitability (by inhibiting the sodium current) and prolong the refractory period (by blocking potassium currents), respectively. Multichannel action compounds such as amiodarone and dronedarone are commonly used but they exhibit limited efficacy and numerous adverse side effects (52) . Therefore, major breakthroughs are urgently needed for a more effective control of AF (2, 25, 41, 52, 60) , which would benefit from a systems approach to drug development (56) .
A large number of studies have provided insights into the ionic basis of atrial electrophysiology (12, 13, 18, 50, 60, 65, 66) . Research has focused primarily on the role of either sodium or potassium channel block in modulating atrial electrophysiology (8, 48) and has often been performed in different animal species, usually either before or after AFER (68, 74) . Importantly, new agents such as vernakalant and dronedarone, and the commonly used amiodarone, all exhibit multichannel effects on a variety of sodium, potassium, and calcium currents (21) , and even Na ϩ /K ϩ pump activity (26, 30) . However, very little is known about the relative importance of drug action on each current in modulating AF-related electrophysiology in humans.
The goal of our study is to provide a systematic characterization of the relative importance of transmembrane ionic currents in modulating key electrophysiological properties and reentrant activity in human atrial tissue. The ultimate aim is to aid in the identification of novel avenues for a more effective management of patients with AF and to aid in the interpretation of existing findings. A comprehensive in silico investigation is performed under normal and AFER atrial conditions using human atrial tissue models in an attempt to provide insight into differences in the response of atrial tissue to pharmacological interventions in short-term versus long-term AF.
METHODS
Membrane kinetics. Human atrial electrophysiology was simulated using a recent human atrial action potential (AP) model proposed by Maleckar et al. (42) based on the original Nygren et al. model (49) , and will be referred to as the MGGT model. A second AP model, developed by Courtemanche et al. (17) and referred to in the text as the CRN model, was also used to confirm model-independence of the main results obtained in the present study. Both models include formulations for the main transmembrane ionic currents in human atrial electrophysiology and detailed intracellular calcium dynamics, as well as homeostasis of the main ionic species involved in the course of the human atrial AP.
AFER was simulated by altering ionic properties as in previous studies (18, 50, 65, 66) : 70% reduction in L-type calcium current conductance (G CaL); 50% reduction in transient outward current conductance (G to); 50% reduction in ultrarapid delayed potassium current conductance (G Kur); and 100% increment in inward rectifier potassium current conductance (G K1).
Single cell simulations. Simulations using both models were conducted for 20 min of stimulation at a cycle length (CL) of 1,000 ms (74) , for default control and AFER conditions, and following alterations in conductances and gate time constants of ionic currents (between Ϫ100% and ϩ300%). The conductances altered included maximal value of the Na ϩ /K ϩ pump current (GNaK), GK1, GKur, G CaL, maximal value of the Na ϩ /Ca 2ϩ exchanger current (GNaCa), G to, fast inward sodium current conductance (GNa), rapid delayed rectifier potassium conductance (G Kr), and slow delayed rectifier potassium current (G Ks). Ionic current kinetics of INa, ICaL, Ito, IKur, I Kr, and IKs were also varied in the simulations, with parameters considered including activation and inactivation time constants of all gating variables. AP duration (APD), measured at 90% repolarization (APD 90), and resting membrane potential (RMP) were calculated.
Two APD restitution protocols were applied to determine the S1S2 and the dynamic restitution curves. The S1S2 restitution protocol consisted of applying 10 S1 stimuli at CL ϭ 1,000 ms followed by a S2 extra-stimulus at varying diastolic intervals (DIs). The dynamic restitution protocol consisted of applying trains of 100 stimuli at decreasing CL from 3,000 ms to 150 ms. APD90 following the last stimulus of each protocol was plotted versus the previous DI to obtain the corresponding restitution curve. The maximal values of the slopes (Ss1s2 and Sdyn) of the S1S2 and dynamic APD90 restitution curves were computed, since they have been proposed previously as arrhythmic risk biomarkers related to rotor stability (45, 74) . In all single cell simulations, stimuli were of 2-ms duration and twice diastolic threshold amplitude (threshold is 750 pA for MGGT model, and 1,000 pA for CRN model, for control conditions).
Tissue simulations. Tissue simulations were conducted to characterize the main determinants of refractory period (RP), conduction velocity (CV), and rotor dynamics in human atrial tissue in control and AFER conditions. Electrical propagation through atrial tissue was simulated using the monodomain equation with isotropic diffusion coefficient of 1.3 cm 2 /s in a homogeneous tissue, similar to those used in previous studies (13, 73) . Stimuli were of 2-ms duration and twice diastolic threshold amplitude (threshold is 0.025 pA/m 3 , for control conditions with both the MGGT and the CRN models).
RP and CV obtained from tissue simulations were evaluated in both control and AFER for default conditions (i.e., original model parameters) and at different timings following the alteration of ionic currents properties (i.e., 1 s and 1, 3, and 5 min). In this study, a S1S2 protocol was chosen to determine the RP as in previous studies (57, 68) . Thus RP was determined by applying a train of S1 stimuli (CL ϭ 1,000 ms) at the center of a 1 x 1 cm 2 tissue followed by an extra-stimulus (S2) at the same location for varying coupling intervals (CIs) (step of 1 ms). RP was defined as the shortest CI that ensured propagation following S2 (15, 57, 68) . The tissue size in the simulations was large enough to avoid boundary effects on RP measurements, since these were only noticeable in a strip of 0.25 cm close to the domain boundaries (14) .
Additional simulations were conducted to determine ionic modulators of CV. As in Refs. 13, 14, and 24, CV was measured in one-dimensional simulations following a train of S1 stimuli (CL ϭ 1,000 ms) at one side of a 1-cm long fiber. CV was calculated as the ratio between the distance separating two distant nodes (separated 0.1 cm) located at the center of the fiber and the time taken by the wavefront to propagate between the two nodes following the last applied stimulus (13, 14, 24, 68) . This approach avoids measuring CV at locations that are too close to the domain boundaries, as well as to avoid further difficulties derived from front curvature (37) . No significant differences in CV were observed using longer fibers stimulated at CL ϭ 1,000 ms. Ionic modulators of CV were investigated at CL ϭ 1,000 ms, and therefore the magnitudes of CV reported throughout the present study represent CV close to maximal values.
Reentrant activity was initiated in two-dimensional 5 x 5 cm 2 atrial tissue by applying a cross-field stimulation protocol (27, 69) . As in previous studies (22, 34, 50) , the choice of the two-dimensional tissue geometry avoids confounding interpretation of the ionic mechanisms with added complexities such as structural and electrophysiological heterogeneities. A planar wavefront was initiated by a stimulus applied at the lower tissue edge, followed by another stimulus applied on a square area in the tissue bottom-left corner at a CI within the vulnerable window. Simulations were conducted using the MGGT model to assess changes in reentrant activity occurring immediately and 5 min after each ionic alteration in control and AFER. Similar simulations were not conducted using the CRN model due to the instability of the rotors in control conditions, as stated in previous studies (13) . Tissue simulations were initialized using the steady-state values obtained in single cell simulations for default control and AFER conditions and following 5 min of application of the corresponding ionic current alteration. Once established, rotors remained stable for all conditions simulated using the MGGT model. Corresponding pseudo-ECGs were calculated as in Refs. 4, 28, and 53, and dominant frequency (DF) values were obtained from the pseudo-ECG power spectral density with a precision of 0.1 Hz. The trajectory of phase singularities (PS), defined as wavetips where all AP phases intersect, was calculated using the zero-normal-velocity condition (24) .
Computational tools and numerical methods. In total, 6,436 single cell and tissue simulations were run in this study. Briefly, the open source software Chaste (www.cs.ox.ac.uk/chaste) was used on grid computing facilities through use of the middleware platform Nimrod/G, accessible via web interface (1) . This allowed the simultaneous launch of a large number of simulations considering different parameters sets. The monodomain equation was solved in double precision using a Galerkin Finite Element Method with linear basis functions, as described in detail by Pathmanathan et al. (51) . The mesh resolution for one-and two-dimensional simulations was fixed at 250 m, time steps were of 0.02 ms for the partial differential equation, and 0.02 ms for the coupled cell systems. To prove convergence of the numerical methods, simulations were run for mesh spatial resolutions varying from 1,000 to 100 m, concluding that resolutions finer than 300 m were convergent to stable RP, CV, and DF values. Single cell simulations were conducted using the forward Euler method with time step of 0.02 ms. Figure 1 shows the time course of the steady-state AP and the main underlying ionic currents in control and AFER atrial cardiomyocytes, using the MGGT model (left) and the CRN model (right). In both models, AFER results in shortening of APD 90 and slight RMP hyperpolarization, consistent with previous experimental and theoretical human atrial studies (6, 12, 50) . Steady-state APD 90 shortens from 200 ms in control to 115.8 ms in AFER in simulations using the MGGT model and from 252 ms to 115.5 ms using the CRN model. Differences in APD 90 restitution properties between control and AFER were also characterized using both AP models (Fig. 2) . AFER results in flattening of the maximum slope in both S1S2 and dynamic restitution curves with the MGGT model (S s1s2 is 0.63 in control and 0.31 in AFER, whereas S dyn is 0.37 in control and 0.23 in AFER). With the CRN model, the maximum slope of the dynamic restitution slope also flattens due to AFER, but the S1S2 restitution curve is steeper in AFER than in control (S s1s2 is 0.44 in control and 1.3 in AFER, whereas S dyn is 0.28 in control and 0.16 in AFER). AFER-induced flattening of the restitution curves is consistent with previous studies showing that patients with persistent AF exhibited shallower restitution slopes than those with paroxysmal AF (45) . Tissue simulations also showed that AFER results in alterations in RP and CV, with qualitatively similar results in both models. AFER-induced changes in (72) . In contrast, AFERinduced changes in ionic currents lead to only a slight decrease in steady-state CV from 47.97 cm/s in control to 46.17 cm/s in AFER, using the MGGT model, and from 58.14 cm/s in control to 56.38 cm/s using the CRN model. This decrease (49) in steady-state CV in AFER is in agreement with results in clinical studies (44, 47) and quantitatively consistent with those reported in previous studies of AF (13) .
RESULTS

Electrophysiological properties in control and AFER.
Relative importance of ionic currents. Computer simulations were conducted as described in METHODS to investigate the relative importance of ionic current conductances and kinetics in modulating human atrial electrophysiology in control and AFER. Figure 3 shows changes in steady-state AP induced by alterations in ionic conductances for control (left) and AFER (right) using the MGGT model. Alterations in time constants were also evaluated but results showed only small effects, i.e., Ͻ10%, in the investigated human atrial electrophysiological properties (APD 90 , RMP, S s1s2 , S dyn , RP, CV) both in control and AFER. In Fig. 4 , changes in steady-state APD 90 , RMP, S s1s2 , and S dyn with respect to the original control (left) and AFER (right) models, i.e., default values for all parameters in both models, are further quantified using the MGGT model. Only the simulation results exhibiting the largest changes are included in the figure. Similar simulation results are depicted in 5, A-D , for the CRN model, the relative relevance of other conductances, such as G Na , G Kur , G CaL and G to , on steady-state APD 90 is considerably lower than that of G K1 and G NaK , both in control and AFER [with the exception of the effect of G CaL in AFER using the CRN model, which is possibly explained by the larger magnitude of I CaL in this model ( Fig. 1) ]. Simulations were repeated at a shorter CL value (CL ϭ 500 ms) with the two models. Results confirm that G NaK and G K1 are the properties exerting the maximum influence in modulating APD 90 and RMP in human atrial cells for both stimulation rates.
Whereas, in most cases, ionic alterations result in similar effects in control and AFER, some differences are identified. First, changes caused by ionic alterations are overall smaller in AFER than in control (Figs. 4 and 5, using the MGGT and the CRN model, respectively). Second, the effect of a 30% inhibition of G NaK implies opposite changes in RMP in control (slight hyperpolarization) and AFER (depolarization; Figs. 4 and 5, C and D). Larger degrees of G NaK inhibition (Ͼ50%), however, lead to RMP depolarization both in control and AFER ( Fig. 3B and 3B') . G NaK upregulation results in insignificant changes in RMP in control, but in larger RMP depolarization in AFER. Simulations using the two human atrial AP models were also conducted to investigate the ionic mechanisms modulating S1S2 and dynamic APD restitution properties ( Fig. 2; Fig. 4, E-H , for the MGGT model; and Fig. 5 , E-H, for the CRN model). Simulations using the two models highlight G K1 and G NaK as the main modulators of APD restitution properties (S s1s2 and S dyn ), in control and AFER. Results obtained with the two models were qualitatively similar but differences in the sensitivity of restitution properties to changes in some ionic currents were observed. First, the sensitivity of S dyn to changes in G NaK and, particularly, G K1 Fig. 2 . AP duration (APD) restitution (APDR) curves obtained using the S1S2 (top, A-D) and dynamic (bottom, E-H) protocols, in control (left) and AFER conditions (right) with the MGGT and the CRN models for default values and following Ϯ30% alterations in Na ϩ /K ϩ pump current conductance (GNaK) and conductance of inward rectifier potassium current (GK1).
(⌬S dyn ) is important in both models, but larger in the MGGT than in the CRN model (Figs. 4G and 5G) . Furthermore, S s1s2 sensitivity to changes in ionic currents (⌬S s1s2 ) in AFER is significantly larger in simulations using the CRN than the MGGT model (Figs. 4F and 5F ). Finally, G CaL inhibition results in a large increase in S s1s2 with the CRN model, possibly explained by the larger magnitude of I CaL in this model, as mentioned above (Fig. 1) .
Temporal adaptation of atrial electrophysiology to alterations in ionic currents. Simulations shown in the previous section highlight the importance of G NaK and G K1 relative to other currents in modulating AP steady-state and restitution properties using two human atrial models. An analysis of the temporal evolution of electrophysiological properties following ionic current alterations shows that atrial electrophysiological properties do not adapt instantaneously. Both the time required to complete the adaptation and the temporal evolution of the analyzed properties strongly depend on the specific ionic current being altered. Figure 6 illustrates the temporal evolution of human atrial AP properties (APD 90 and RMP) following Ϯ30% changes in ionic currents in control (Fig. 6, A and C) and AFER (Fig. 6, B and D) using the MGGT model. The implications of the ionic changes in modulating the temporal evolution of RP and CV were also investigated, as shown in Fig. 6 , E-H. In these simulations, alterations in G NaK , G K1 , and G Na were considered, since G NaK and G K1 are identified as the main modulators of repolarization properties in our study and G Na is known to have an important effect on CV (33) . Alterations in ionic conductances other than G NaK , G K1 , and G Na lead to fast adaptation and small changes in the investigated properties and are therefore not shown.
As shown in Fig. 6 , RP and CV values cannot be obtained following 5 min of I K1 blockade due to repolarization failure and subsequent propagation failure (Fig. 6, E and G) . This is caused by the gradual accumulation of electrotonic effects associated to the propagation of the triangular atrial AP. In this setting, the electrotonic current results in a net inward current opposing the outward potassium currents during the repolarization phase of the AP, which eventually results in repolarization failure. This is observed using the two models, although with a smaller Results in Fig. 6 show that in most cases, alterations in ionic conductances result in monotonic changes in electrophysiological properties. Changes in G K1 and G Na lead to monophasic alterations in APD 90 , RP, and CV. However, as shown in Fig.  6 , G NaK block results in biphasic changes in APD 90 and RP, with an initial prolongation followed by a progressive decrease. Increase in G NaK leads to an initial decrease in APD 90 and RP followed by a progressive increase on those properties. The biphasic effect of altering G NaK is also observed in RMP and CV (Fig. 6 ). This transient behavior following G NaK alterations also occurs for CL ϭ 500 ms and using the CRN model (not shown). The APD 90 and RP shortenings caused by , and Ss1s2 (⌬Ss1s2; E and F) and Sdyn (⌬Sdyn; G and H) (maximal values of the slopes of the S1S2 and dynamic APD90) with respect to default conditions produced by Ϯ30% alterations in ionic conductances for control (left) and AFER (right) with the CRN model. decrease in G NaK can appear counterintuitive because inhibition of an outward current would be expected to prolong APD 90 as stated in Ref. 10 and as shown shortly after administration of ouabain (71) . However, in agreement with our results, strong blockade of Na ϩ /K ϩ pump using strophantidin has been shown to result in initial APD 90 lengthening followed by a progressive shortening (23, 29, 40) . Figure 7 illustrates the ionic mechanisms involved in the biphasic AP changes induced by G NaK inhibition. G NaK block results in an initial APD 90 lengthening caused by a decrease in the Na ϩ /K ϩ pump outward current. However, sustained G NaK block results in intracellular Na ϩ (Fig. 7B ) and, to a lesser extent, diastolic and systolic Ca 2ϩ accumulation (Fig. 7C) , which favors the outward component of the Na ϩ /Ca 2ϩ exchanger (Fig. 7D) , slightly prolongs the open state of the calcium-dependent inactivation gating variable of I CaL (Fig. 7E) , and thus results in APD 90 shortening (Fig. 7A) . Slight changes are therefore observed in I CaL current (Fig. 7E) , whereas the amplitude of the currents between sarcoplasmic reticulum (SR) and intracellular space, such as the SR calcium uptake current (I up ; Fig. 7F) and the SR calcium release current (I rel ; Fig. 7G ), is slightly increased, entailing the slight Ca 2ϩ accumulation shown in Fig. 7C (systolic intracellular Ca 2ϩ increases 0.1 M, whereas diastolic Ca 2ϩ increases 0.03 M). Role of ionic currents in modulating reentrant activity. The impact of the mechanisms unraveled above in the modulation of rotor dynamics in atrial tissue is investigated in this section, as explained in METHODS. Simulations show that DF increases from 3.52 Hz in control to 7.2 Hz in AFER, in agreement with previous clinical and theoretical studies (9, 32, 46, 50) . Figure 8 describes changes in DF values and rotor dynamics with respect to default conditions obtained following 10 s and 5 min of alterations in G NaK , G K1 , and G Na in both control (Fig. 8, A and C) and AFER (Fig. 8, B and D) , using the MGGT model. Consistent with the results described in previous sections, simulations of rotor dynamics show that 1) G NaK , G K1 , and G Na alterations are the interventions exerting the strongest influence on rotor dynamics; 2) G NaK , G K1 , or G Na inhibitions have larger effects on reentrant dynamics than their corresponding upregulations; 3) alterations in the rest of ionic conductances entail negligible effects on DF; and 4) the main difference found between control and AFER is an enhanced relevance of G Na changes in AFER and a decreased relevance of G K1 .
Simulations show that G NaK , G K1 , or G Na block leads to decrease in DF values in both control and AFER immediately after the block. In the case of G K1 and G Na block, the change in DF is monophasic, resulting in lower values following 5 min of block. The most significant changes occur in two cases. First, G K1 block in control leads to an immediate decrease in DF with respect to default conditions (Fig. 8A) . Second, G Na block in AFER results in a decrease in DF (Fig. 8B) . These effects are explained by the relative importance of G K1 and G Na in modulating RP and CV in control and AFER, respectively, as highlighted in Fig. 6 , E-H. As expected from the results shown in the previous section, alterations in G NaK result in biphasic temporal changes in DF. Decrease in G NaK initially decreases DF, but then leads to an increase following 5 min block. Increase in G NaK has the opposite effect. Figure 8 , C and D, further illustrates alterations in reentrant dynamics following G NaK , G K1 , and G Na inhibition. The surface area traced out by the PS over its trajectory under default control conditions is 0.36 cm 2 . Figure 8C shows enlargement of the PS meandering in control after 30% block of G NaK or G K1 , whereas 30% G Na block leads to a slightly smaller area of PS trajectory. In AFER, the PS meandering surface is increased to 1.02 cm 2 , as shown in Fig. 8D , in good agreement with a previous study (66) . The PS surface is only significantly altered when G Na is blocked, leading to a threefold increase in PS trajectory surface (3.01 cm 2 ), as compared with control. This is consistent with the higher sensitivity of RP and CV to G Na changes found in AFER and in good concordance with previous studies (15) .
DISCUSSION
A systematic investigation was conducted to identify the relative importance of ionic current conductances and kinetics in modulating refractoriness, CV, and rotor dynamics in human atrial tissue in the presence and absence of AFER. Throughout the present study, simulation results are compared with previous experimental and theoretical studies to reconstruct the complex mosaic of the ionic basis of AF-related mechanisms in the human in a systematic framework. Simulations using two human atrial AP models were conducted to support the model independence of the main findings of the study. The simulation results obtained with the two models were overall qualitatively similar, but quantitative differences were observed, which could possibly be due to variability in human atrial electrophysiological measurements or differences in model construction. Our analysis aids in the interpretation of existing controversies in our understanding of the ionic modulators of AF and helps in the identification of novel aspects of human atrial electrophysiology. Importantly, our results identify G NaK as a key modulator of human atrial steady-state and restitution properties as well as rotor dynamics and confirm the importance of G K1 and G Na in human atrial electrophysiology in both control and AFER. Other current properties including G Kur and G CaL play only a secondary role, which is in most cases negligible under the conditions investigated. Importantly, the ionic basis of human atrial dynamics are similar in control and AFER, but the sensitivity of electrophysiological properties to changes in ionic currents is in most cases smaller in AFER than in control. This could explain, at least in part, the lower efficacy of pharmacological treatment in patients with longterm versus short-term AF. Furthermore, our results reveal the great importance of G K1 in control and G Na in AFER in modulating rotor dynamics.
Role of I NaK . Our simulation results highlight the importance of G NaK as an essential determinant of human atrial electro- physiology, both in control and AFER. Alterations in G NaK result in important changes in APD 90 , APD restitution, and RP, and therefore in DF. Our results also show biphasic adaptation of APD 90 , RP, and DF after changes in G NaK . These findings are supported by previous data showing that the pump current is a strong modulator of APD 90 and RMP in patients with and without chronic AF (55, 72) . The importance of the Na ϩ /K ϩ pump as one of the key modulators of repolarization and rotor dynamics in human atria should be taken into consideration in the evaluation and development of pharmacological treatments for AF. Previous investigations into AF-related mechanisms have, however, preferentially focused on sodium and potassium currents (19) , and systematically ignoring the effect of other currents and in particular the Na ϩ /K ϩ pump (48) . Similarly, screening of drug compounds usually targets sodium, calcium, and potassium channels. It is nevertheless important to note that some anti-AF drugs such as amiodarone interfere with Na ϩ /K ϩ pump regulation (26) . Amiodarone is known to be more efficient in maintaining sinus rhythm than some of their derivatives, such as dronedarone, which do not affect the activity of the pump (26, 52) . According to our results, the effects of amiodarone on Na ϩ /K ϩ pump regulation could be important in explaining the antiarrhythmic action of the drug. Furthermore, digitalis (i.e., G NaK blocker) is also moderately successful in the treatment of AF patients with heart failure. The positive effects of digitalis in AF patients have been explained through the modulation of sodium and calcium concentrations (43) . Indeed, the Na ϩ /K ϩ pump is essential to the maintenance of cell homeostasis but, as highlighted in our study, it is also a critical determinant of atrial refractoriness. Our results suggest that the antiarrhythmic properties of drugs such as amiodarone and digitalis used for AF treatment could at least in part be due to the modulation of important electrophysiological properties, such as APD restitution, by partial blocking of the Na ϩ /K ϩ pump. The importance of G NaK in modulating atrial electrophysiology is consistent in both human atrial models used in this study and also in agreement with our previous theoretical studies using human and rabbit ventricular AP models (11, 16, 54, 58, 59) . In all the models tested, G NaK was consistently found to be one of the most important modulators of APD 90 , restitution properties, and rate adaptation dynamics. The importance of G NaK therefore appears to be model independent and consistent in atrial and ventricular models, even if the specific formulation of I NaK in the models is different, as in the MGGT and CRN models. Experimental evidence also shows that the expression of some subunits of the Na ϩ /K ϩ pump is 30 -50% lower in human atria than in ventricles (43) . This could explain the higher sensitivity of atrial electrophysiology to a particular dose of drugs affecting G NaK (67) . Experimental confirmation of the findings of the present study on the importance of G NaK in AF-related dynamics could explain the outcome of current pharmacological therapies and guide the development of new avenues for a more effective treatment of patients with AF.
Role of I K1 . As in our study, previous studies have highlighted the importance of I K1 in human atrial electrophysiology (38, 50) , and therefore I K1 is considered a potential antiarrhythmic target. Furthermore, activation of inward rectifier potassium channels has been shown to increase DF in human atria (3), in good agreement with our results. Our simulations corroborate G K1 as the most important modulator of electrophysiology and reentrant dynamics both in control and AFER atrial tissue. The antiarrhythmic effects of I K1 blockade are based on APD 90 and RP lengthening and therefore DF reduction.
Role of I Na . Our simulations also confirm the strong influence of G Na in the modulation of atrial rotor dynamics through alteration of CV and, to a minor extent, RP. G Na alterations have a stronger effect following AFER than in control. Sodium channel blockers such as flecainide, propafenone, or pilsicainide are widely used for the treatment of short-term AF (8, 15, 39, 50) . A decrease in DF has been suggested as one of their mechanisms of action (33) , which is in good agreement with our results (Fig. 8) . The identification of Class I compounds with different modes of action in atria and ventricles minimizing side effects, such as ranolazine, could be a promising path for AF treatment, in particular following AFER (8, 48) .
Role of other ionic currents. In addition to G NaK , G K1 , and G Na , conductances such as G Kur , G CaL , and G to also contribute to the regulation of atrial electrophysiology, particularly in control, before AFER causes their reduction (Fig. 2) . Much attention has been paid to G Kur because of its preferential expression in atrial tissue. Promising results have shown that drugs blocking I Kur such as AVE0118 prolong atrial refractoriness with no effects on QT-interval in animal studies (5), but resulting in an increase in the peak intracellular calcium transient (29) . In agreement with these results, our simulations show that G Kur modulates APD 90 , and thus RP, S s1s2 , and S dyn . However, G Kur effects are reduced in AFER due to its lower conductance, and this could indicate potentially smaller efficacy of G Kur block in the treatment of long-term AF (Fig. 3) . G CaL is important in determining APD 90 , S s1s2 , and RP, which is consistent with previous studies showing its influence on PS tip meandering during reentry (50) . Our results could also explain the ability of verapamil, a calcium channel blocker, to attenuate the RP shortening caused by AF remodeling (64) . G to , G Kr , and G Ks have slight effects on atrial AP (Figs. 3, 4 , and 5), and their alterations are delicate due to potential increase in ventricular arrhythmic risk. The I Kr blockers sotalol and dofetilide are used for AF prevention due to their stronger effect on RP at slow rather than rapid heart rates (19, 21) . This is also reported in our simulations, which show larger increments in APD 90 , and thus RP, when G to , G Kr , and G Ks are blocked in control than following AFER. Table 1 summarizes the ionic currents investigated in our simulation study, the experimental and clinical drug studies used for comparison with our results, and the atrial electrophysiological properties found to be modulated by each of the investigated currents.
Limitations. Our study focuses on unraveling the relative importance of ionic currents in modulating human atrial electrophysiology. The relevance of analyzing the importance of intracellular calcium dynamics was not investigated but it might be important as shown in previous studies (13, 29) . Specific conditions are used to simulate control and AFER, but these are likely to exhibit significant intersubject variability (18, 65, 66) .
Our study focused on the importance of ionic mechanisms in modulating electrophysiological properties related to rotor dynamics, and, therefore, other important aspects such as ectopic activity, structural changes during AF, tissue anisotropy, and heterogeneities caused by vagal stimulation are not investigated (15, 20, 39, 44) . Even though their effect on AF-related reentry could be important as shown in previous studies (15) , they would have a confounding effect on the results interpretation and should be the focus of further investigations. Tissue simulations are restricted to two-dimensional and thus the three-dimensional atrial geometry is not considered. Previous studies, however, show that sodium blockers effects are qualitatively similar in two-and three-dimensional models (13, 48) . The role of atrial anatomy and heterogeneity in modulating pharmacological anti-AF interventions should be explored in further studies, building on insights provided by this study.
Finally, a few recent studies have focused on the comparison of different AP models aiming at targeting similar cell type and mammalian species and have highlighted differences in dynamics because of differences in the model equations and parameters (7, 11, 12, 13, 58, 59) . The results of this study should be interpreted with caution since there could be different combinations of changes in the model parameters leading to similar results (62) . These limitations are common to other computational studies in cardiac electrophysiology. We have, however, conducted simulations using two different human atria action potential models varying model parameters to address some of these limitations.
Conclusion
In this study, we characterize the relative importance of human atrial ionic current properties in modulating AP, refractoriness, CV, and rotor dynamics in human atrial tissue before and after AFER. Our study uncovers G NaK as a key modulator of atrial refractoriness and rotor dynamics in human and confirms G K1 and G Na as important determinants of AF-related electrophysiological properties. The importance of G NaK in modulating atrial electrophysiology could have important implications for the interpretation of the efficacy of anti-AF drugs that interfere with G NaK , such as amiodarone and digitalis. Overall, similar results are obtained before and after AFER but with smaller effects of ionic current changes on atrial electrophysiology in AFER. This could explain the reported lower efficacy of pharmacological interventions targeting ionic currents in the treatment of long-term versus short-term AF patients. The in-depth characterization of the ionic basis of atrial electrophysiology and AF-related mechanisms provided here could guide in the identification of more effective therapies against AF.
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